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In situ primary productivity (PP) in the Sub-Antarctic Zone (SAZ) and the Polar Frontal Zone (PFZ) 
south of Australia was estimated using fast repetition rate fluorometry (FRRF). FRRF-derived PP at 
Process station 3 (P3) southeast of Tasmania (46°S, 153°E) were higher than P1 in the southwest of 
Tasmania (46°S, 140°E) and P2 in the Polar Frontal Zone (54°S, 146°E). The FRRF-derived PP rates were 
well correlated with 14C-uptake rates from one-hour incubations (r2 = 0.85, slope = 1.23±0.05, P < 0.01, n 
= 85) but the relationship between both methods differed vertically and spatially. There was a linear 
relationship between FRRF-based PP and 14C-based PP under light limited conditions in deeper waters. 
Under light saturated conditions near the surface (0-45 m) the relationship was less clear. This was likely 
associated with the effects of physiological processes such as cyclic electron flow and the Mehler 
reaction, which are stimulated at high irradiance. Our results indicate that FRRF can be used to estimate 
photosynthesis rates in the SAZ and PFZ but to derive an accurate estimation of C-fixation requires a 
detailed understanding of the physiological properties of the cells and their response to oceanographic 
parameters under different environmental conditions.  
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1. Introduction    
The Southern Ocean plays an important role in distributing global nutrients (Sarmiento et al., 
2004) and controlling global climate (Sarmiento et al., 1998). The waters of the Southern Ocean are 
predicted to significantly change in response to climate change (Sarmiento et al., 1998). Climate-driven 
atmospheric and oceanic changes, which modify the nutrient supply and light regime, are also expected 
to affect phytoplankton composition dynamics and growth rates in the Southern Ocean. However, the 
response of phytoplankton to these changes in this region remains unclear (Boyd, 2002).  
 
On site primary productivity (PP) measurements in the Southern Ocean have mostly been 
carried out using conventional radiocarbon methods (El-Sayed, 2005). The 14C method requires 
abundant bottle incubations, which are time consuming and labour intensive, and spatially and 
temporally limited. Remote sensing techniques, which have overcome some of these constraints, have 
been frequently applied to investigate the spatial and temporal primary production in the Southern 
Ocean (Sullivan et al., 1993; Arrigo et al., 1998, 2008; Moore and Abbott, 2000) but the limited number 
of in situ measurements available for large areas of the Southern Ocean has hindered the sea truth 
validation and interpretation of estimates from satellite imagery.  
 
The fast repetition rate fluorometry (FRRF) technique, which was only introduced in the last 
decade, has been applied widely to study the photosynthesis of phytoplankton in the ocean (Suggett et 
al., 2005). Based on variable chlorophyll a (chl a) fluorescence, the FRRF provides in situ non-destructive, 
instantaneous measurements of photosynthetic parameters and allows both the derivation of gross 
primary production at fixed depth and continuous observations with a temporal resolution of seconds 
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(Falkowski and Kolber, 1995). Attempts to determine the reliability of the FRRF in estimating PP have 
been carried out in several different regions. These studies, in either highly productive regions (Suggett 
et al., 2001; Moore et al., 2003; Raateoja et al., 2004; Smyth et al., 2004; Estevez-Blanco et al., 2006; 
Melrose et al., 2006) or oligotrophic waters (Corno et al., 2006) found significant correlations between 
FRRF measurements and traditional radiocarbon derived estimates. However, the relationship between 
the two methods is not consistent. The inconsistencies are thought to be linked to differences in how 
the two techniques estimate PP. The 14C method measures the uptake and assimilation of dissolved 
inorganic carbon whilst the FRRF measurement is equivalent to gross oxygen evolution based on the 
electron transport rate in photosystem II (PSII) (Suggett et al., 2001). As a bio-optical instrument, FRRF 
measures instantaneous photosynthesis in the water column that reflects real-time irradiance, whilst 14C 
uptake rates are a product of incubations integrated over a certain period of time that are subjected to 
average irradiance. Several key assumptions (e.g. photosynthetic unit size, maximum quantum yield of 
electron transport and photosynthetic quotient) are required in the FRRF-based PP model and these 
have been found to vary between different water bodies (Falkowski and Kolber, 1995).  
 
Previous applications of FRRF in the Southern Ocean were mainly focused on the physiological 
conditions of phytoplankton in response to nutrients (Olson et al., 2000; Strutton et al., 2000; Boyd and 
Abraham, 2001; Gervais et al., 2002; Vaillancourt et al., 2003; Holeton et al., 2005). So far, there have 
been no published studies on the use of the FRRF to derive phytoplankton productivity in the Southern 
Ocean, despite its flexibility. In this study, we present PP data collected from the Sub-Antarctic Zone 
(SAZ), which lies between the Subtropical Front (STF) and the Sub-Antarctic Front (SAF) (Fig. 1), south of 
Tasmania using both the FRRF and 14C techniques.  This region, which is reported to be a large sink for 
atmospheric CO2 (Metzl et al., 1999; McNeil et al., 2001), has a high degree of spatial and temporal 
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variability in water properties. The mixed layer south of SAZ, for instance, is lower in temperature and 
salinity but higher in nutrients than that to the north (Rintoul and Trull, 2001). By comparing the FRRF 
technique with the 14C technique, we assess the reliability of FRRF-derived PP for this region.  
 
2. Materials and methods 
2.1. Sampling 
FRRF and 14C measurements were obtained from the SAZ south of Australia (43°-55° S, 140°-
154° E) during the Sub-Antarctic Zone Sensitivity to Environmental Change (SAZ-Sense) survey. The 
voyage was conducted aboard RSV Aurora Australis from 17 January to 20 February 2007 and consisted 
of three process (P) stations and 24 transit (T) stations. For the purpose of this study, a total of 11 
stations were investigated, at which there were 14 conductivity-temperature-depth (CTD) casts and 
FRRF deployments (Table 1). Water samples for 14C uptake, chl a concentration and other hydrological 
measurements were collected from Niskin bottles alongside CTD casts.  A Fasttracka FRR fluorometer 
(Chelsea Instruments, UK) integrated with a photosynthetically active radiation (PAR, 400 -700 nm) 
radiometer and a pressure sensor were deployed immediately after CTD casts with both light and dark 
chambers facing upward to a final depth of ca. 100 m at a vertical rate ≤ 0.5 m s-1. The vessel was re-
orientated to avoid ship shadow prior to each FRRF deployment.   
 
2.2. FRRF measurements 
FRRF fluorescence yields were measured using an inbuilt protocol that provided a flash 
sequence consisting of a series of 100 subsaturation flashlets (1.1 μs flash duration and 2.8 μs inter flash 
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period) and a series of 20 relaxation flashlets (1.1 μs flash duration and 51.6 μs inter flash period) with 
the gain set in autoranging mode. Fluorescence transients obtained at each deployment were then 
fitted to the biophysical model of Kolber et al. (1998) using post-processing software (v 1.8) provided by 
Chelsea Instruments. The parameters derived were minimum (Fo) and maximum (Fm) fluorescence, 
variable fluorescence (Fv), maximum photochemical efficiency (Fv/Fm), effective absorption cross section 
of PSII (σPSII) in darkness and under actinic light (F′, Fm′, Fq′, Fq′/Fm′, σPSII′). Parameters and definitions 
used in this study are reported in Table 2. Data were quality controlled by recalculating the Fo, Fm, F′ and 
Fm′ after subtracting the mean of the blank and were aggregated over 2 m intervals. Data with PAR ≤ 0 
and depth ≤ 0 were excluded. The blank sample was obtained from filtered seawater (0.2 μm) collected 
from 6 m depth.  
 
2.3. 14C measurements 
The 14C productivity method was based on the small bottle 14C technique (Lewis and Smith,  
1983) as detailed by Westwood et al. (this issue). In brief, 400 ml water samples were collected from six 
to seven depths, depending on the mixed layer depth of the station. The water samples were stored in 
darkened polycarbonate jars in a seawater-cooled, insulated container, until the commencement of 
incubations. Each jar was spiked with 6.327 x 106 Bq (0.171 mCi) NaH14CO3 to produce a working 
solution of 39.183 x 103 Bq per ml (1.1 µCi ml-1). Seven ml aliquots of working solution were then added 
to transparent glass scintillation vials and incubated for 1 hour at 21 light intensities ranging from 0 to 
416 µmol photons m-2 s-1. The illumination was provided by GE polylux XL F58W/860 fluorescent lamps 
filtered through CT blue filters with wavelength centered at around 435 nm. After acidification and 
venting to remove excess NaH14CO3, 10 ml Aquassure scintillation fluid was added and the samples were 
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counted using a Packard TriCarb 2900 TR scintillation counter with the maximum counting time set at 5 
min.  
 
  Photosynthesis-irradiance (P-E) relationships were then calculated and the equation of Platt et 
al. (1980) was used to fit curves to data using least squares non-linear regression: 
 max maxB max[(1 )( )]
E P E PP P e eα β− −= −   
Where PB is the carbon fixation rates per unit chl a at a given light intensity [mg C (mg chl a)-1 h-1], Pmax is 
the light-saturated photosynthetic rate [mg C (mg chl a)-1 h-1], α is the initial slope of the light-limited 
section of the P-E curve [mg C (mg chl a)-1 h-1 (µmol photons m-2 s-1)-1], E is the irradiance (µmol photons 
m-2 s-1) and β is the photoinhibition parameter where applicable [mg C (mg chl a)-1 h-1 (µmol photons m-2 
s-1)-1]. PB was then multiplied by the chl a concentration at depth z to obtain 14C primary productivity 
estimates (P14C (z), mmol C m
-3 h-1). 
B
14 ( ) ( ) chl CP z P z a= ×  
To minimise variability between the 14C and FRRF productivity estimates, in situ irradiance 
measurements at depth, E (z), was obtained from the FRRF PAR sensor. Chl a concentrations were 
determined by filtering the seawater samples through 13 mm diameter Whatman GF/F filters and frozen 
immediately in liquid nitrogen for later analysis using the high performance liquid chromatography 
(HPLC) method (see Wright et al. (2010) for details). 
 
2.4. FRRF primary productivity model 
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 In situ chlorophyll a-specific rate of electron transfer, ETRchl (z) [mmol electron (mg chl a)
-1 h-1] at 
each depth was determined by substituting the PSII parameters into the following equation (Suggett et 
al., 2005):  
 chl PSII PSII P( ) '( )    0.0243ETR E z z n qσ= ×   (1) 
Where E is the irradiance (µmol photons m-2 s-1), σPSII′ is the effective absorption cross section under 
actinic light (Å2 quanta-1), nPSII is the photosynthetic unit size of PSII [mol RCII (mol chl a)-1] and is set at 
0.002 (Falkowski and Kolber, 1995) based on the characteristics of eukaryotes which dominate this area, 
qP is the photochemical quenching (Fq′/Fv′ = Fm′ - F′/Fm′/Fo′). The constant 0.0243 included conversion 
from seconds to hours, µmol electron to mol electron and Å2 quanta-1 to m2 mol RCII-1, and mol chl a to 
mg chl a.  
 
 In order to compare with 14C carbon fixation rates, equation (1) needs to be modified into: 
 FRRF PSII PSII P( ) ( ) '( )    1  chl  x 0.0243 / PQ P z E z z n q k aσ=       (2) 
Where PFRRF is the FRRF-derived primary productivity (mmol C m
-3 h-1), 1/k is the quantum yield of 
electron transport through PSII per O2 molecule evolved [mol O2 (mol electron)
-1] and is assumed at 
0.25. Chl a is the chl a concentration (mg chl a m–3), PQ is the photosynthetic quotient [mol O2 evolved 
(mol CO2 incorporated)
-1] with a value of 1.4 based the assumption that growth to be mostly nitrate-
derived (Laws, 1991). 
  
2.5 Data analysis 
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 A geometric mean regression (model II) regression of FRRF- and 14C based PP was applied to 
determine the slope coefficient and intercept of this relationship. Analysis of variance (ANOVA) was 
used to determine significant differences between the FRRF-based PP: 14C-based PP ratio for all data, 
light limited data and light saturated data. The differences between the ratios for the three process 
stations were also analysed. A Pearson’s correlation analysis was performed to analyse the relationship 
between the ratios and environmental variables (i.e. temperature, salinity, nitrite + nitrate, phosphate, 
silicate and iron) and species composition.    
 
3. Results 
3.1. Hydrological conditions  
This study covered an area that consisted of several different water masses with variable 
physical and biological characteristics. Sea surface temperature (SST) at Process station 1 (P1, SAZ-West) 
ranged from 12.8 °C to 13.1 °C with a salinity of approximately 34.7. The mixed layer (ML) depths in this 
area ranged from 25 m to 46 m. SST and salinity at Process station 3 (P3, SAZ-East) were approximately 
13.5 °C and 35.0 respectively. Two MLs was present at P3, a shallow ML from the surface to 16 m and 
another ML at 70 m. Process station 2 (P2) in the PFZ showed lower SST (5.5 °C) and salinity (33.8) than 
water in the SAZ and had a mixed layer depth of 49 m. A deep mixed layer was found at transit station 3 
(Table 1). Physical characteristics of the upper water column in the sampling area are discussed in detail 
by Bowie et al. (this issue). 
  
3.2. Variable fluorescence measurements  
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The maximum (Fv′/Fm′) and effective (Fq′/Fm′) photochemical quantum efficiency of PSII in the 
SAZ ranged from 0.14 to 0.55 and 0.03 to 0.54, respectively. Fv′/Fm′ were lowest at P2 with surface 
values < 0.20 and higher at P1 and P3 (surface values ~0.35 ~ 0.40, respectively). The highest Fv′/Fm′ 
recorded at P2 was 0.35, 0.45 at P1 and 0.47 at P3. The vertical distribution of Fv′/Fm′ and Fq′/Fm′ at P1 
and P3 was low at the surface, increased with depth and then decreased slightly at greater depths (> 70 
m) with the exception of P2, where an increase in Fv′/Fm′ and Fq′/Fm′ was observed at ~ 100 m. The 
strongly quenched Fq′/Fm′ leads to a divergence between Fv′/Fm′ and Fq′/Fm′ at the surface, with Fv′/Fm′ 
higher than Fq′/Fm′ (Fig. 2a & c). The divergence disappeared at ca. 40 m. The effective cross section of 
PSII in darkness (σPSII) and under ambient light (σPSII′) varied from 160 to 811 and 153 to 904Å2 quanta-1, 
respectively. Both σPSII and σPSII′ demonstrated a similar vertical pattern to Fq′/Fm′. In contrast to 
photochemical efficiency values, σPSII′ was generally higher than σPSII. The photochemical quenching (qP) 
showed a low surface value, varied between 0.06 and 0.40 in the first 20 m of the water column, and 
then increased steadily with depth (Fig. 2a & c).  
 
3.3. Chlorophyll a, productivity and macronutrients  
Total chlorophyll a (chl a) concentrations were generally high in surface waters in this study and 
ranged from 0.11 to 1.85 mg chl a m-3.  Chl a concentrations in the surface waters at P1 and P2 were 
generally < 1.0 mg chl a m-3, while P3 demonstrated values > 1.0 mg chl a m-3 (Fig. 3a). The maximum chl 
a concentration (2.49 mg chl a m-3) was found at a depth of 29 m at CTD 91. Surface primary 
productivity (PP) estimated from the FRRF in this study ranged from 0.26 to 5.65 mmol C m-3 h-1, while 
for the 14C method estimates, PP ranged from 0.19 to 4.20 mmol C m-3 h-1. Both FRRF and 14C methods 
showed higher PP at P1 and P3 than P2, with the maximum PP value recorded at P3 (CTD 77) off eastern 
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Tasmania (Table 1). The vertical distribution of PP generally followed the distribution pattern of chl a 
concentration but without a production maximum in deeper waters (Fig. 3b).  
 
Concentrations for nitrate + nitrite and phosphate demonstrated similar patterns with values 
ranging from 0.1-17.3 µmol L-1 and 0.4-1.1 µmol L-1 at P1 and P3 (SAZ), 23.8-30.2 µmol L-1 and 1.6-2.3 
µmol L-1 at P2 (PFZ). Surface (0-20 m) nitrate + nitrite concentrations were high at P2 (25 µmol L-1), and 
low at P1 (0.5 µmol L-1) and P3 (0.4 µmol L-1). Surface phosphate concentrations at P2 (1.5 µmol L-1) were 
also higher than P1 (0.5 µmol L-1) and P3 (0.45 µmol L-1). Silicate concentrations were low at all three 
process stations with surface value < 1 µmol L-1 (Fig. 3d-f).    
 
3.4. FRRF and 14C primary productivity estimates  
There was a significant correlation between FRRF- and 14C-derived PP estimates (r2 = 0.85, slope 
= 1.23±0.05 s.d., p < 0.01, n = 85) (Fig. 4a). This indicates that the FRRF method was measuring similar PP 
changes to the 14C method. When only measurements from light-limited depths are compared (below 
saturating irradiance value, Ek = Pmax/α), the relationship improved (r2 = 0.96 and a slope = 1.05±0.03 
s.d., P < 0.01, n = 71) (Fig. 4b). At light-saturated depths (above Ek value) the correlation was poorer (r
2 = 
0.64 and the slope = 1.43±0.23s.d., P < 0.01, n = 14) (Fig. 4c). There was also a significant correlation 
between chl a-specific rate of electron transfer (ETRchl) and carbon uptake rate per unit chl a, PB [in 
mmol C (mg chl a)-1 h-1] but the relationship was less well correlated (r2 = 0.74, slope = 5.07±0.28 s.d., P < 
0.01, n = 85) (Fig. 5a). A significant relationship was also found between the light normalised FRRF-based 
PP and 14C-based PP (r2 = 0.86, slope = 1.03±0.00 s.d., P < 0.01, n = 85) (Fig. 5b). FRRF-derived PP at P1 
underestimated 14C-uptake rates (r2 = 0.98, slope = 0.79±0.06 s.d., P < 0.01, n = 19) (Fig. 6a) whilst FRRF-
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derived PP were higher than 14C-based PP at P2 (r2 = 0.97, slope = 1.67±0.11 s.d., P < 0.01, n = 6) and P3 
(r2 = 0.92, slope = 1.43±0.10 s.d., P < 0.01, n = 14) (Fig. 6b & c).  
  
4. Discussion 
4.1. Variability of fluorescence measurements  
The fluorescence parameters exhibit a close relationship with the light levels and nutrients. The 
reduction in both the photochemical efficiency (Fv′/Fm′ and Fq′/Fm′) at the surface during midday implies 
the effects of non-photochemical quenching (qN) at high irradiances (Fig. 2c). At high light, qN acts as a 
self-protection mechanism that dissipates excess light energy in the form of heat, rather than in the 
form of fluorescence to avoid photodamage (Falkowski and Raven, 2007). The divergence between 
Fv′/Fm′ and Fq′/Fm′ in surface waters shows that the short periods of dark-adaptation in the dark chamber 
allows the reoxidation of QA in the reaction centres with a time constant of milliseconds (Kolber and 
Falkowski, 1993). This resulted in the relaxation of photochemical quenching (qP) and a higher value of 
Fv′/Fm′ than Fq′/Fm′ which is influenced by both qN and qP. In the effective absorption cross section of 
PSII, the quenching occurs in the antenna pigments where the relaxation time scale ranges from 5-60 
min (Olaizola and Yamamoto, 1994), which caused the decrease in both σPSII and σPSII′ at the surface at 
high irradiances.   
  
 When the irradiances were low enough at depth (ca. 50 m) where the effect of non-
photochemical quenching could be neglected, Fv/Fm values were found to respond to dissolved iron 
(dFe) concentrations. At P1 and P3, Fv/Fm were 0.38 and 0.44 with dFe levels 0.27 and 0.41 nmol L
-1, 
respectively. Low Fv/Fm (0.28) at P2 was found to correspond to a low dFe concentration (0.19 nmol L
-1). 
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An increase in Fv/Fm (0.30) at ca. 100 m at P2 was consistent with higher dFe levels (0.25 nmol L
-1) at this 
depth (Bowie et al., 2009; Lannuzel et al., this issue). This indicates that the phytoplankton in the PFZ 
were likely to be suffering from Fe limitation.   
 
4.2. Primary productivity SAZ-West, SAZ-East and PFZ 
Total chlorophyll a (chl a) concentration and primary productivity (PP) measurements observed 
in this study are consistent with other studies carried out in this area (Sedwick et al., 1997; Griffiths et 
al., 1999) although chl a concentration was higher than in the measurements made by Wright et al. 
(1996) in austral autumn. Wright et al. (1996) obtained relatively low chl a concentrations ranging 
between 0.08 and 0.25 mg chl a m-3. The higher concentrations of chl a and rates of PP recorded in the 
SAZ than in the PFZ is consistent with low concentrations of nitrate + nitrite and phosphate at P1 and P3, 
but higher at P2. This indicates that macronutrient drawdown occurs in the SAZ but not in the PFZ, 
which is likely due to Fe limitation in this region. The depletion of silicate in surface waters at all stations 
implies that this area might be silicate-limited (Hutchins et al., 2001).  
 
The differences between the ratios of FRRF- and 14C-based PP estimates of P1 (SAZ-West), P2 
(PFZ) and P3 (SAZ-East) were not significant, suggesting that environmental variable do not significantly 
influence the relationship between the FRRF- and 14C-based PP. This was confirmed by the Pearson’s 
correlation analysis, which showed no significant relationship between the PP ratio and the 
environmental variables (i.e. temperature, salinity, nitrite + nitrate, phosphate, silicate and iron). Similar 
results were also obtained from an analysis of the correlation between the ratios and major 
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phytoplankton groups (e.g. diatom, dinoflagellate, haptophyte and cyanobacteria), which indicate that 
the species composition did not significantly influence the FRRF and 14C relationship.  
 
4.3. FRRF- and 14C-based productivity  
The strongly significant relationship between FRRF and 14C estimates indicates that both 
methods approximate similar PP changes across different levels of productivity. FRRF-based PP 
measurements overestimated the 14C-uptake rates by a factor of 1.23 (Fig. 3a). This value is well within 
the range of other published results, which are mostly between 0.5 and 2.0. Kolber and Falkowski (1993) 
obtained a slope of 1.06 between these estimates using the pump and probe technique (predecessor of 
FRRF). Using the same technique, Boyd et al. (1997) obtained fluorescence-based PP estimates that 
were 0.5 lower than the Kolber and Falkowski (1993) ratio. Estimates of PP from FRRF by other groups 
(Suggett et al., 2001; Moore et al., 2003; Raateoja et al., 2004; Corno et al., 2006; Estevez-Blanco et al., 
2006) were 1.4 to 2.0 higher than those estimated from the 14C method. In contrast, Smyth et al. (2004) 
and Melrose et al. (2006) obtained FRRF-based PP that underestimated 14C-uptake rates by 0.6 to 0.8. 
However, it should be noted that different measurement units and incubation times that were used in 
the estimation of 14C-based PP in these studies, complicates the comparison.  
 
When measurements of PP below light saturation (Ek) were considered, the divergence between 
estimates from FRRF and 14C decreased. The slope value dropped from 1.43 (r2 = 0.64) in light-saturated 
measurements (Fig. 4c) to 1.05 (r2  = 0.96) in light-limited measurements (Fig. 4b). Both field (Raateoja et 
al., 2004; Corno et al., 2006) and laboratory (Fujiki et al., 2007) experiments have shown that at high 
actinic light levels, the relationship between FRRF- and 14C-based estimates is non-linear. This is 
 15
probably due to the effects of physiological processes such as cyclic electron flow, the Mehler reaction 
and photorespiration, all of which are stimulated at high light levels. At supra-optimal light intensities, 
photon absorption by PSII approaches the capacity of the electron transport system leading to the cyclic 
electron flow around PSII with some electrons returned from the acceptor side (PQH2) of PSII to the 
donor side (Z) through cytochrome b559 (Falkowski et al., 1986). Cyclic electron flow is stimulated at 
light saturation when the plastoquinone pool is reduced (Prasil et al., 1996). It is estimated that ~15% of 
total electron transport in PSII flows from the acceptor side to its donor side under light saturated 
conditions (Falkowski et al., 1986) and this would therefore produce an FRRF-based estimate that is up 
to 15% greater than a 14C-based estimate and is consistent with the measurements documented here. A 
recent study by Bailey et al. (2008) demonstrated that marine cyanobacteria in the oligotrophic waters 
extract significant amounts of electron from the electron transport chain, donating them to O2 by way of 
a propyl gallate-sensitive oxidase to alleviate excessive PSII excitation pressure. In the Mehler reaction, 
reduced ferredoxin on the acceptor side of PSI donates electrons to O2 molecules that are generated by 
the oxidation of water rather than the usual terminal electron acceptor NADP+ in the photosynthetic 
electron transport chain (Heber, 2002). The Mehler reaction is thought to redirect ~10% to 50% of total 
electron transport and is less important under light limiting conditions (Kana, 1992, 1993). In addition to 
cyclic electron flow and the Mehler reaction, photorespiration is also thought to affect the rate of C 
fixation. However, photorespiration is usually low in aquatic photoautotrophs (Falkowski and Raven, 
2007) and considered to be less important (Ogren, 1984).  
 
Differences between PP estimates at high light may also be due to different lengths of 
incubation period. Most 14C PP measurements have incubation periods of between 1 and 10 hours, 
longer incubation periods allow significant leakage of respired carbon and dissolved organic carbon 
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(DOC), and leads to an under estimate of PP. In the 14C technique, cells are only subjected to the average 
irradiance over the incubation period and with no vertical mixing, create a potentially unrealistic 
photoacclimation and photoinhibition state (Gallegos and Platt, 1985). These factors, therefore, are 
likely to affect the photosynthesis-irradiance curve (Flameling and Kromkamp, 1997; Macedo et al., 
2002). The FRRF measurement period has a resolution of seconds, and measurements are sensitive to 
short-term variability in the underwater light field caused by surface waves, internal waves, convection, 
circulation, cloud coverage, etc., which impose a fluctuating light environment on the phytoplankton. In 
addition, Raateoja et al. (2004) reported that near surface, scattered ambient red light can reach the 
FRRF detector and flatten the variable fluorescence transients, which could affects the reliability of the 
near-surface data. Care should thus be taken when interpreting this data. For our study, it was difficult 
to quantify the influence of the red light but noisy near the surface data has been excluded. 
 
Differences between PP estimates by FRRF and 14C techniques can be attributed to the fact that 
each uses a different methodology (electron transport rates and carbon incorporation) and 
consequently measures different attributes of photosynthesis. Physiological processes such as those 
mentioned above, as well as other metabolic activities (e.g. nutrient uptake, reproduction), may 
influence the relationship between FRRF and 14C. These processes could result in an increase in the 
number of electrons transported through PSII for each molecule of CO2 fixed, as suggested by the non-
linear relationship between the chl a-specific rate of electron transfer (ETRchl) and carbon uptake rate 
per unit chl a, PB (r2 = 0.74, slope = 5.07, P < 0.01, n = 85) (Fig. 5a). There are also uncertainties 
associated with the assumed values of nPSII and PQ, and errors in estimating σPSII′. The nPSII, which is 
difficult to measure especially in the field ranges from 0.001 to 0.007 mol RCII (mol chl a)-1 in cultured 
samples (Falkowski et al., 1981; Barlow and Alberte, 1985) whilst PQ is found to vary from 1.1 to 1.5 in 
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the world oceans (Laws, 1991). Furthermore, the σPSII′ used in this study was not corrected for variability 
in the spectral quality of the in situ light field. Suggett et al. (2001) and Raateoja et al. (2004) reported 
that measured σPSII′ overestimated the actual σPSII′ by 8 to 69 % in case 2 waters. However, this 
uncertainty has yet to be quantified in case 1 waters such as in this study area. Overall, variability in nPSII, 
PQ and σPSII′ could accounts for up to 30 % of the potential uncertainty in estimates of PP using the FRRF 
technique.  
 
The better relationship between FRRF- and 14C-derived PP obtained in this study compared to 
many others can probably be explained by the much shorter 14C incubation times used in this study. The 
14C incubation time used here was of short duration (one hour ± 5 minutes) compared with times of  >1 
h used in other studies (Raateoja et al., 2004; Corno et al., 2006; Estevez-Blanco et al., 2006). Measuring 
the whole, acidified sample means any 14C-DOC released by the cells is also included in the gross PP 
estimate. Thus, we suggest that our 14C measurements more closely approximate gross primary 
production than net primary production, although some studies suggest that the 14C technique can 
approximate net carbon fixation even with short incubation times (Williams et al., 1996; Marra, 2002). It 
is also felt that the photosynthetic quotient (PQ=1.4) and photosynthetic unit size (nPSII=0.002) used in 
this study are appropriate for this area and by using qP (Fq′/Fv′) and σPSII′ in the FRRF PP model the effect 
of non-photochemical quenching has been included. While a spectral correction was not made, the light 
normalised data comparisons (Fig. 5b) showing a close relationship between the FRRF- and 14C-based PP, 
suggest that the FRRF excitation flashes (centred at 478 nm) and the light source used in the 14C 
incubation (centred at 435 nm) provide the resident cells with a similar excitation spectrum and this may 




This study provides both validation and constraints for determining gross primary productivity 
(GPP) by FRRF in the Southern Ocean. The FRRF can provide in situ measurements of photosynthesis 
parameters at a much higher frequency than conventional radiocarbon techniques and can be applied to 
moorings as well as to remote surveillance. These characteristics make the FRRF a convenient tool in 
oceanographic research, especially in the vast and remote Southern Ocean. However, although strong 
correlations with 14C uptake rates were found in this study, the reliability of FRRF in measuring PP is 
hindered by several factors such as uncertainties in several key assumptions.  
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Table 1 Station locations and characteristics. The zone abbreviations used are SAZ, Sub-Antarctic 
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List of Figures 
Figure 1 Map of the SAZ-Sense sampling area and CTD stations sampled for FRRF and 14C 
measurements. P1=Process station 1; P2=Process station 2; P3=Process station 3; 
STF=Subtropical Front; SAF-N=Sub-Antarctic Front North; SAF-S=Sub-Antarctic Front; 
PF=Polar Front. Fronts locations are approximate.  
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Figure 2 Vertical profiles of Fv/Fm, Fq′/Fm′ , qP, σPSII′ and E obtained from two FRRF casts at Station 
4. (a) and (b) were data from CTD 12 collected at dawn while (c) and (d) were midday 
measurements from CTD 18.  
Figure 3  Vertical profiles of chl a, FRRF-based PP, photochemical efficiency and macronutrients at 
the three process stations. P1, Process station 1; P2, Process station 2; P3, Process 
station 3 
Figure 4  Comparison between primary productivity measured by FRRF and 14C for (a) all stations 
(r2 = 0.85, slope = 1.23±0.05 s.d., n = 85, P < 0.01), (b) under light limitation conditions (r2 
= 0.96, slope = 1.05±0.03 s.d., n = 71, P < 0.01) and (c) under light saturation conditions 
(r2 = 0.64, slope = 1.43±0.23 s.d., n = 14, P < 0.01). The dashed line represents the 1:1 
relationship. T1, Transit 1; P1, Process 1; P2, Process 2; T3, Transit 3; P3, Process 3; T4, 
Transit 4 
Figure 5 Correlation between the (a) chl a-specific rate of electron transfer (ETRchl) and the 
carbon uptake rate per unit chl a (PB) for all stations (r2 = 0.74, slope = 5.07±0.28 s.d., n = 
85, P < 0.01), (b) FRRF- and 14C-derived primary productivity normalised by light for all 
stations (r2 = 0.86, slope = 1.03±0.00 s.d., n = 85, P < 0.01). The dashed line represents 
the 1:1 relationship. 
Figure 6 Relationship between FRRF- and 14C-based primary productivity measurements at (a) P1 
(SAZ-West) (r2 = 0.98, slope = 0.79±0.06 s.d., n = 19, P < 0.01),  (b) P2 (PFZ) (r2 = 0.97, 
slope = 1.67±0.11 s.d., n = 6, P < 0.01). and (c) P3 (SAZ-East) (r2 = 0.92, slope = 1.43±0.10 
s.d., n = 14, P < 0.01).. The dashed line represents the 1:1 relationship. P, Process 

































Table 1 1 
Zone SAZ SAZ SAZ SAZ PF SAZ SAZ SAZ SAZ SAZ/STF SAZ SAZ SAZ SAZ 
Transit & 
Process 
T1 P1 P1 P1 P2 T3 T3 T3 T3 P3 P3 T4 T4 T4 
Station 3 4 4 4 6 10 11 13 14 17 17 18 19 21 
CTD  6 10 12 18 39 65 68 72 73 77 83 87 88 91 
Time and 
Date (local) 
1147 1254 0658 1341 1658 1459 0832 1054 1717 1244 1341 1329 1716 0912 
21-Jan-07 22-Jan-07 23-Jan-07 24-Jan-07 1-Feb-07 8-Feb-07 9-Feb-07 
10-Feb-
07 




Latitude  45°59´S  46°19´S  46°23´S  46°27´S  54°0´S  50°0´S  48°59´S  46°59´S  45°59´S 45°32´S  45°26´S  44°45´S  45°6´S  44°56´S  
Longitude 141°17´E  140°37´E 140°28´E 140°21´E 145°52´E 149°26´E 150°20´E 152°4´E  152°54´E 153°10´E 153°17´E 153°0´E 153°13´E 152°23´E 
Mixed layer 
depth (m) 

































12.4 13.1 12.9 12.8 5.5 9.5 9.5 12.8 13.3 13.5 13.5 14.9 14.7 15.0 
Sea surface 
salinity 








(mmol C m-3 
h-1) 
0.028 0.193 0.055 0.299 0.042 0.038 0.022 0.360 0.238 0.471 0.436 0.282 0.360 0.293 
Surface 14C-
based PP 
(mmol C m-3 
h-1) 
0.044 0.269 0.033 0.346 0.027 0.062 0.046 0.211 0.084 0.350 0.231 0.244 0.225 0.316 
 2 
 39
Table 2 3 
Parameter  Definition  Units 
E Irradiance μmol photons m-2s-1
Fo, Fm  Minimum and maximum fluorescence in dark-adapted state  Dimensionless 
Fo′, F′, Fm′ Minimum, steady state and maximum fluorescence under 
ambient light 
Dimensionless 
Fv Variable fluorescence under in dark-adapted state (Fm – Fo)  Dimensionless 
Fv′ Variable fluorescence under ambient light (Fm′ – Fo′) Dimensionless 
Fq′ Difference between Fm′ and F′ (Fm′ – F′) under ambient light Dimensionless 
Fv/Fm  Maximum photochemical efficiency Dimensionless 
Fv′/Fm′  Maximum photochemical efficiency under ambient light Dimensionless 
Fq′/Fm′  Photochemical efficiency under ambient light Dimensionless 
qP or Fq′/Fv′ Photochemical quenching or PSII efficiency factor under 
ambient light 
Dimensionless 
σPSII Effective absorption cross section of PSII in dark-adapted 
state 
Å2 quanta-1 
σPSII′ Effective absorption cross section of PSII under ambient light Å2 quanta-1 
n PSII Photosynthetic unit size of PSII reaction centres mol RCII (mol chl a)
-1 
1/k Quantum yield of electron transport through PSII per O2
molecule evolved 
mol O2 (mol photons)
-1
PQ Photosynthetic quotient mol O2 evolved (mol C 
fixed)-1 
 4 
 5 
